Abstract: Systems thinking is an indispensable tool in comprehending and analyzing real-world phenomena. Observed processes are naturally composed of many interconnected components which ought to be studied jointly rather than individually. Engineering systems thinking is a very valuable skill, which helps to successfully execute multi-disciplinary projects. In high-tech companies that deal with complex and dynamic systems projects, the need for engineers with high systems thinking skills is growing. Engineers with high systems thinking skills are able to understand the big picture and the project in its entirety, both functionally and conceptually, without necessarily knowing all of the small details. Systems thinking enables understanding the entire system beyond its components, and clarifies the importance of the isolated component as part of the system as a whole. Systems thinking helps understand how sub-systems connect to one whole system, and provides solutions for the client's specifications and requirements. In addition, systems thinking enables perceiving the inter-relationships and mutual influence among the system's components and other systems. The current study examined the development of systems thinking among engineers and engineering students. In addition, the personality traits of engineers with high systems thinking skills were examined by the Myers-Briggs Type Indicator (MBTI) personality type test. This article also presents the initial results of the development of a new systems thinking study course, taught as a pilot course to industrial and management engineering students. It seems that engineers with certain personality traits can acquire or improve their systems thinking capabilities through a gradual, long-term learning process and by acquiring the necessary tools. Additionally, the study includes recommendations for the continuation of ongoing research on developing systems thinking.
Introduction
Breaking down complex problems into constituent elements is often the accepted method of handling of complex assignments and questions. However, engaging in such deconstruction also often blurs perception of the problem's larger context. As stated by Senge [1] : "Systems thinking is a discipline for seeing wholes, a framework for seeing interrelationships and repeated patterns of events rather than just isolated incidences, seeing patterns of change rather than static "snapshots". It provides a scaffolding of principles, specifically tools and techniques developed in recent years, and is a discipline that seeks to discover the constructs underlying the complex, thus enabling a perception capable of discerning potential significant improvements possible with a minimum of effort
•
A discipline for seeing wholes • A framework for seeing interrelationships, for seeing patterns of change rather than static "snapshots" • A set of general principles-distilled over the course of the twentieth century, spanning fields as diverse as the physical and social sciences, engineering and management • A specific set of tools and techniques
Senge and his colleagues [7] claimed that a good systems thinker, particularly in an organizational setting, is someone who can see four levels operating simultaneously: events, patterns of behavior, systems, and mental models. It is systems thinking that brings the disciplines of personal mastery, mental models, shared vision and team learning all together.
According to Richmond [8] , "Systems thinking is the art and science of making reliable inferences about behavior by developing an increasingly deep understanding of underlying structure".
Richmond [9] uses the paraphrase "forest thinking" to clarify the concept of systems thinking. According to Richmond [9] , "forest thinking" involves a "view from 10,000 m rather than focusing on local trees" and "considering how the system influences systems on the other side of the line and how these latter systems influence the former system".
Richmond [10] presents four key questions about the term "systems thinking": What is it? Why is it needed? What works against its being adopted on a broader scale? And finally: What can we do to increase both the speed and breadth of its adoption?
In Richmond's [10, 11] opinion, systems thinking is a continuum of activities that range from the conceptual to the technical. The adoption of systems thinking occurs when we are standing back far enough-in both space and time-to be able to see the underlying web of ongoing, reciprocal relationships, interacting cycling to produce the patterns of behavior that a system is exhibiting. You are employing a systems perspective when you can see the forest (of relationships), for the trees. You are not employing a systems perspective when you get "trapped in an event".
The term "thinking" combines learning and knowledge and includes various concepts such as: parallel thinking, holistic thinking, reductionist thinking, critical thinking, creative thinking, etc. The constructivism theory suggests that the human being is an active learner who constructs his/her knowledge of experience on his/her efforts to give meaning to that experience. In the study presented here, students were required to construct their knowledge by means of active experience and learning.
Social constructivism suggests that learners learn concepts or construct meaning about ideas through their interaction with others and with their world, and through interpretations of that world by actively constructing meaning [12] .
One of the better-known researchers that refers to social constructivism theory is Vygotsky [12] , who states that 'learners construct knowledge or understanding as a result of thinking and doing in social contexts'.
By implementing systems thinking, learners relate new knowledge to their previous knowledge and experience.
Systems thinking literature includes a vast range of areas of investigation, dealing mainly with the analysis of complex organizations [1, [13] [14] [15] [16] [17] , social systems, economics, curriculum design [18] , social work, psychology, addiction therapy, the human body as a system, health, business, banking, personal interrelationships, the global state of affairs, environment [19] , instruction methodologies for groups and teams [20, 21] , scientific and technological education [22] , decision making [23] , and project management [24] .
Traditional linear thinking approaches work against an understanding of how the different parts of an organization or business work together and underplay or ignore the multifaceted nature of complex problems. It has become essential to change the nature of the curriculum to emphasize the interconnectedness of the various aspects of businesses and organizational systems as a whole [25] .
It is clear that systems education, from informal learning to formal educational programs, is at the foundation of the key leverages to develop new ways of more holistic thinking to ensure systemic decision and policy making. The combination of capacity building with activities in which appropriate systems tools are being used by the end-users who will directly benefit is a critical success factor for long-term change in the way that management decisions and policy making can become systemic, rather than focusing on treating the symptoms [25, 26] . Formal education in systems thinking has become essential. Many efforts are being put into ways to "infiltrate" the traditional teaching of disciplines as isolated units and to apply the systems approach in schools, universities and informal teaching programs (e.g., [25] [26] [27] [28] [29] [30] ). These programs can contribute significantly to the efforts of the systems community in making systems thinking and systems education become integrated into society.
Research literature presents evidence of efforts to develop systems thinking through task-oriented software, group dynamics, education, and training [31, 32] , demonstrating that systems thinking may be acquired or learned in a variety of ways.
Badurdeen et al. [33] presented developing and teaching a multidisciplinary course in systems thinking for sustainability. One of the reasons for using systems thinking to approach sustainability is because systems thinking is an appropriate education approach to complex problems and could be provided a kind of common language for students from different disciplines.
Another example is integrating systems thinking into sustainable manufacturing assessment.
Zhang et al. [34] presented a system of system methodologies grid in a sustainability engineering setting, where different sustainable manufacturing problems have been associated with system methodologies.
Zhang et al. [35] presented a novel approach using systems thinking principles to enhance sustainable manufacturing research and manufacturing system sustainability management. According to Zhang [35] , this approach will not only benefit engineering management research by adopting systems thinking philosophies in emerging sustainable manufacturing research and practice, but will also assist enterprises in making strategic, tactical, and operational decisions by providing a deep understanding of the behavior change over time. It was also found that success in this process is of great importance to teachers/instructors/managers.
Students and graduates that demonstrate high levels of systems thinking are able to analyze customer needs and demonstrate an aptitude for coping with multidisciplinary problems in the business world.
For example, Kordova and Frank [27] conducted a capstone project with engineering students to examine whether such a multifaceted assignment discernibly improved systems thinking among participants. In this learning environment, the students constructed their own knowledge through active learning and interaction with their teammates and teaching staff. As such, the project-based learning environment supports the constructivist approach to teaching [27, 36] .
Some researchers refer to systems thinking as an innate ability. For instance, Hitchins [37] states that the human brain can see similarities of patterns between disparate sets of information, which presumably emanate from its drive to reduce perceived entropy, while Frank [38] , Davidz and Nightingale [31] concluded that this ability is most likely a combination of innate talent and acquired experience.
Research Objectives
The research was conducted in two stages; the first stage examined factors that may potentially provide the greatest benefit in systems thinking for students and graduates of technology management. The main questions were as follows:
1.
To what extent is it possible to train students and graduates for a systems-oriented position?
2.
To what extent is the tendency towards systems thinking linked to personality traits?
3.
To what extent is there a correlation between systems thinking capacity and supervisor evaluation?
The second stage of the study examined the extent to which it is possible to develop systems thinking capability within the framework of a designated course. Study questions were as follows:
1.
To what extent is it possible to develop systems thinking capability through a designated course teaching the foundations and basic tools of systems thinking? 2.
To what extent do differences exist in the ability to learn and develop systems thinking capabilities between people from different disciplines?
Methodology

Study Population
Stage 1:
The study population included two groups:
• The first group included 55 master's degree students from a management and technology faculty.
•
The second group included 38 graduates involved in development projects in three companies that develop integrated systems for defense and homeland security applications.
Stage 2:
The study population included 21 industrial engineering and management students, 15 mechanical engineering students, and 12 psychology students.
Study Tools
Stage 1:
The first study tool was the CEST (capacity for engineering systems thinking) assessment questionnaire [39] . The capacity for engineering systems thinking characterizes the individual and can be evaluated and predicted.
The questionnaire was distributed to the first group in stage 1, before and after completing various graduate courses in systems engineering. It included 40 statement pairs, with items focusing on preferences, specifically likes and dislikes towards activities, jobs, professions, or other personality types. Respondents were asked to choose between the two statements according to their preference in each statement pair (A marking preference for the first statement and B for the second).
Here are two example items from the questionnaire:
A.
I think that every employee should gain interdisciplinary knowledge and general knowledge in several fields. B.
I think that every employee should become an expert in his/her field. Learning more fields may lead to sciolism (to know a little about many subjects).
• Item No. 22
A. I like to discuss the needs with the customer. B.
B. I prefer to leave the contact with the customer to marketing experts.
The participants of the second group of stage 1 were asked to complete the CEST assessment questionnaire [39] and also the MBTI (Myers-Briggs Type Indicator) personality type test [40] . Additionally, supervisor evaluations were conducted to assess respondents' systems thinking capabilities [41] .
The MBTI test is a tool to evaluate personality types using a psychometric questionnaire. The goal of the test is to help people identify their dominant preferences, tendencies, and personality traits. The questionnaire is based on the premise that people have four psychological functions through which they experience the world: Natural energy orientation, Way of perceiving or understanding and taking in information, Way of forming judgments and making choices and decisions, Action orientation towards the outside world (Lifestyle).
The result of this questionnaire is one of the 16 character archetypes, as shown in Figure 1 . The current study examined the connection between self-reported dominant personality traits (according to the MBTI research tool) and respondents' systems thinking capacity.
We examined a different kind of reliability and validity of the CEST (capacity for engineering systems thinking) assessment questionnaire. Two types of reliability were calculated: inter-judges reliability and alpha coefficient reliability. Four types of validity are presented: content validity, concurrent validity, contrasted group validity, and constructed validity.
Stage 2:
As a continuation of stage 1 of the study, we examined the extent to which it is possible to develop systems thinking capability through engaging in a designated course aimed at teaching systems thinking foundations and basic tools.
The course was based on Senge's book The Learning Organization [1] , and on Richmond's approach [8, 9] to thinking skills. The course included basic foundations of systems thinking and the five disciplines of a learning organization (personal skills and personal vision, mental models, creating a shared vision, group learning, and systems thinking).
The course stresses the ways in which changes in thinking are created and the use of the systems prototypes. The 14-week course was conducted with two separate classes, comprised of students studying industrial engineering and management and who were also employed in the industry during their studies.
During the course, the students were exposed to the theoretical approach at the base of systems thinking and, in addition, practiced analyzing events and processes using the classic Senge prototypes [1] . Moreover, the students presented examples from their personal experience at work and from their daily reality. These examples were also examined using the systems tools.
The research hypothesis was that by integrating systems thinking tools in analyzing systems processes, the students will acquire systems thinking skills, and improve their system thinking abilities when faced with a complex problem in their organization. Table 1 shows some examples of how to use the prototypes to analyze events. Table 1 . Examples of using the classic Senge prototypes.
Event Tools for Analysis
An enterprise is interested in dealing with a high percentage of defective products in the production line by enlarging the required production quantities instead of establishing a "Moving the problem" archetype-instead of solving it examines the shifting of a specific problem to other solutions because the problem is unclear or because dealing with it comes at a high price. This is what happens when only The 14-week course was conducted with two separate classes, comprised of students studying industrial engineering and management and who were also employed in the industry during their studies.
The research hypothesis was that by integrating systems thinking tools in analyzing systems processes, the students will acquire systems thinking skills, and improve their system thinking abilities when faced with a complex problem in their organization. Table 1 shows some examples of how to use the prototypes to analyze events. 
An enterprise is interested in dealing with a high percentage of defective products in the production line by enlarging the required production quantities instead of establishing a process that minimizes defective products. As a result, a situation in which surplus inventory which cannot always be sold occurs.
"Moving the problem" archetype-instead of solving it examines the shifting of a specific problem to other solutions because the problem is unclear or because dealing with it comes at a high price. This is what happens when only symptoms of the problem are addressed and not the root cause. The problem can than re-occur, in the same form but also in another department.
Conflict between consumption and savings "Success to the Successful" archetype-in which resources are allocated to the most successful activity, which makes the unsuccessful ones even more unsuccessful because they receive fewer resources. This is not necessarily the best policy for the long term.
The same CEST questionnaire distributed during stage 1 was also distributed twice in the second stage of the study-before embarking on the course and after completing it.
Results and Discussion
Stage 1: Table 2 presents the comparative average scores of graduate management and technology students before and after the systems engineering course. The course lasted two semesters, and respondents completed the Frank questionnaire at three stages: at the beginning of the course, the end of the first half, and the end of the second half. The results of stage 1 are first shown in IEEM 2015 [26] . Table 2 shows no significant difference between average scores of respondents at onset of the course and the end of the first semester (Sig. = 0.103). There was a significant difference between the mean score of respondents at the end of the first semester when compared to the end of the course (Sig. = 0.023). A significant difference was also found between the average score of respondents at onset and course conclusion (Sig. = 0.039).
These results were first presented at IEEM 2015 [28] and are in line with previous studies such as [27, 31, 32, 38] .
From these results, we can conclude that the second course provided more systems thinking tools than the first course.
One explanation for this is the nature of the course given in the second semester, which mainly dealt with systems content, as opposed to the course given in the first semester, which focused on specific content.
According to these studies, engineers or managers can report about themselves or others-that they notice details or immediately see the big picture.
Stage 1 of this study supports these findings. A significant correlation was found between supervisor ranking of systems thinking capabilities and average scores of filled-in Frank questionnaires (Sig. = 0.000, r = 0.855).
The respondents were asked to provide self-reports on their personal desire to engage in systems-related projects; a significant correlation was found between this evaluation and the results of the Frank questionnaire (Sig. = 0.000, r = 0.763).
In contrast to these findings, no correlation was found between capacity for engineering systems thinking and years of employment experience.
The established possibility of distinguishing engineering systems thinking capacity, even after only a few years of work experience, proves that apparently there are additional factors that strengthen systems thinking acquisition. Among these factors, there is also the notion of inherent potential-which seems to be an inseparable part of those candidates who received high systems thinking scores, even with little work experience (measured in years).
In addition to all of the findings mentioned above, respondents were divided into personality groups according to the MBTI questionnaire.
Study findings also support Meade's results [42] , according to which 57.9% of respondents belong to the STJ (Sensing, Thinking, Judging) group. Character archetype distribution is presented in Figure 2 . This finding emphasizes the fact that a significant percentage of respondents belong to particular personality groups with unique traits. The established possibility of distinguishing engineering systems thinking capacity, even after only a few years of work experience, proves that apparently there are additional factors that strengthen systems thinking acquisition. Among these factors, there is also the notion of inherent potential-which seems to be an inseparable part of those candidates who received high systems thinking scores, even with little work experience (measured in years).
Study findings also support Meade's results [42] , according to which 57.9% of respondents belong to the STJ (Sensing, Thinking, Judging) group. Character archetype distribution is presented in Figure 2 . This finding emphasizes the fact that a significant percentage of respondents belong to particular personality groups with unique traits. 
Stage 2:
Analysis of questionnaire results showed no significant difference between average scores before the designated systems thinking course (Time 1) and after its completion (Time 2) (t = −0.61, Sig. = 0.5476). Table 3 illustrates independent samples t-test outcomes. 
Analysis of questionnaire results showed no significant difference between average scores before the designated systems thinking course (Time 1) and after its completion (Time 2) (t = −0.61, Sig. = 0.5476). Table 3 illustrates independent samples t-test outcomes. Figure 3 shows the normal theoretical quantiles at both time points (course onset on the left and course completion on the right). According the results of the Q-Q plots, the difference scores were not normally distributed.
Systems 2018, 6, x FOR PEER REVIEW 9 of 14 Figure 3 shows the normal theoretical quantiles at both time points (course onset on the left and course completion on the right). According the results of the Q-Q plots, the difference scores were not normally distributed. Since normal distribution was not met, we used the Wilcoxon non-parametric test to compare the scores before and after the course.
The results of Table 4 clearly illustrate no significant difference between scores at both time points (Sig. = 0.6881).
This result may be explained in several ways:
1. Small sample size. It is necessary to examine a larger group of students in order to draw stronger and more established conclusions. 2. The present course format/curriculum failed to help develop participant systems thinking capabilities; it might be necessary to revise the course curriculum and/or teaching methods. 3. The course was given to industrial engineering and management students. Perhaps these students have intrinsically high systems thinking capabilities and the course induced no improvement in their systems thinking. In order to examine the last hypothesis, questionnaires were distributed to two groups whose members did not study the course: one group of students studying mechanical engineering and a second group of students studying towards their bachelor's degree in psychology. Table 5 presents the analysis of variance when comparing total questionnaire scores among mechanical engineering, industrial engineering and management, and psychology students. This comparison was carried out during Time 1 only. Since normal distribution was not met, we used the Wilcoxon non-parametric test to compare the scores before and after the course.
1. Small sample size. It is necessary to examine a larger group of students in order to draw stronger and more established conclusions.
2.
The present course format/curriculum failed to help develop participant systems thinking capabilities; it might be necessary to revise the course curriculum and/or teaching methods.
3.
The course was given to industrial engineering and management students. Perhaps these students have intrinsically high systems thinking capabilities and the course induced no improvement in their systems thinking. In order to examine the last hypothesis, questionnaires were distributed to two groups whose members did not study the course: one group of students studying mechanical engineering and a second group of students studying towards their bachelor's degree in psychology. Table 5 presents the analysis of variance when comparing total questionnaire scores among mechanical engineering, industrial engineering and management, and psychology students. This comparison was carried out during Time 1 only. Table 5 shows a significant difference exists between the three groups in total questionnaire scores at Time 1 (Sig. = 0.0010). Figure 4 indicates that the average scores of industrial engineering and management students were higher compared to those of mechanical engineering and psychology students. Table 5 shows a significant difference exists between the three groups in total questionnaire scores at Time 1 (Sig. = 0.0010). Figure 4 indicates that the average scores of industrial engineering and management students were higher compared to those of mechanical engineering and psychology students. Multiple comparisons were carried out to determine whether significant differences exist in total scores among the three groups, as presented in Table 6 . Since normal distribution was not met, we also used a Kruskal-Wallace non-parametric test to compare the three groups' total scores. Table 7 shows that a significant difference was found among the three groups (Sig. = 0.0028). Multiple comparisons were carried out to determine whether significant differences exist in total scores among the three groups, as presented in Table 6 . Since normal distribution was not met, we also used a Kruskal-Wallace non-parametric test to compare the three groups' total scores. Table 7 shows that a significant difference was found among the three groups (Sig. = 0.0028). Figure 5 presents score distribution among the different groups. Industrial engineering and management students demonstrated an innate tendency for higher levels of systems thinking capability compared to mechanical engineering and psychology students.
One possible explanation for this finding may be related to the structured differences between industrial engineering and management students and those students who study other fields. It is reasonable to assume that among people who have a systems thinking approach, there is a tendency to choose a multi-disciplinary profession which, by its very definition, requires systems thinking. This means that people with an innate systems thinking approach will prefer a profession that is systems-oriented, such as industrial engineering and management, while those whose natural tendency is to see details will choose a profession that requires paying attention to the small details. Similar findings to these results were also presented is Kordova's previous study [28, 36] . Figure 5 presents score distribution among the different groups. Industrial engineering and management students demonstrated an innate tendency for higher levels of systems thinking capability compared to mechanical engineering and psychology students.
One possible explanation for this finding may be related to the structured differences between industrial engineering and management students and those students who study other fields. It is reasonable to assume that among people who have a systems thinking approach, there is a tendency to choose a multi-disciplinary profession which, by its very definition, requires systems thinking. This means that people with an innate systems thinking approach will prefer a profession that is systems-oriented, such as industrial engineering and management, while those whose natural tendency is to see details will choose a profession that requires paying attention to the small details. Similar findings to these results were also presented is Kordova's previous study [28, 36] . 
Summary and Conclusions
This study examined whether it is possible to train engineers and graduates for a systemsoriented position in a formal teaching environment such as systems engineering courses or systems design. The different courses teach the engineering design process, and during the course, a systems model is built; a model based on a structure related to requirements, functions, components and tests. The full model also includes systems scenarios, material and design interfaces, as well as outputs and inputs. 
This study examined whether it is possible to train engineers and graduates for a systems-oriented position in a formal teaching environment such as systems engineering courses or systems design. The different courses teach the engineering design process, and during the course, a systems model is built; a model based on a structure related to requirements, functions, components and tests. The full model also includes systems scenarios, material and design interfaces, as well as outputs and inputs.
The main goals of these courses are: to provide knowledge about product design and development processes; to provide knowledge about different technologies in different business environments; to learn about methodologies and tools used for product and services design and development; to give students self-confidence in their personal ability to initiate and design new products/services, as well as to present and "sell" their ideas and products to clients for design and development projects.
These subjects are a main part of systems engineering studies; however, according to the results of the first part of the study, these courses focused primarily on specific engineering design processes and did not provide sufficient tools for developing systems thinking skills among the course participants. One of the study groups participated in an engineering design course, which was taught over a two-semester period as part of the master's degree program for systems engineering. The course lasted two semesters, and respondents completed the CEST questionnaire [39] at three different time points: at the beginning of the course, the end of the first semester, and the end of the second semester.
The results showed that there was no significant difference between systems thinking skills before the course and after the first semester. However, a significant difference was found between the students' average score at the end of the first semester and their average score at the end of the course. In addition, a significant difference was found between the students' average score before the course and their average score at the end of the second semester.
From these results, we can conclude that the second part of the course provides systems thinking tools to a greater extent than the first part of the course, which mainly focused on specific engineering design.
These results also show that it is necessary to create a systems thinking study course that deals with specific methodologies and systems thinking tools. These findings are in line with the results of Davidz and Nightingale [31] and Kasser [32] , which showed that it is possible to acquire systems thinking through education and training.
The study also examined the systems thinking skills of systems engineers as opposed to other engineers who are partners in systems projects. It was found that the systems engineers' score on the systems thinking questionnaire was significantly higher than the other engineers' scores (Sig. = 0.000).
In addition, these engineers' managers were asked to evaluate the engineers' tendency towards systems thinking and to rank them on an ordinal scale. A significant correlation was found between this ranking and the score on the questionnaire that evaluated the engineers' system thinking (r = 0.855, Sig. = 0.000).
In contrast to these results, no correlation was found between the systems thinking score and number of years' experience acquired by the engineer.
These findings stress that systems engineers with high systems thinking skills are capable of understanding the general/big picture-functionally and conceptually-even without understanding all of the small details.
The study findings show that despite the difficulty to define systems thinking, people know how to evaluate the systems thinking skills of their work colleagues, and to identify those who immediately see the big picture compared to those who tend to look at the small details.
The finding that shows no correlation between systems thinking skills and number of years' experience may indicate that additional factors exist which foster this ability.
The fact that it is often possible to distinguish a capacity for engineering systems thinking, even after only a few years of work experience, proves that apparently there are additional factors that strengthen systems thinking acquisition. Among these factors, there is also the notion of innate potential-which seems to be an inseparable part of those candidates who received a high CEST score, even though they had little work experience (in years) [28] .
This finding supports Frank's claim [38] that systems thinking is a combination of an acquired ability and an innate talent.
The current study found that a link exists between personality type and systems thinking skills. The study found that 57.9% of the engineers in the sample belonged to the sensing, thinking, judging (STJ) personality type, according to the MBTI questionnaire. This finding emphasizes that a large percentage of engineers have unique personalities and traits.
The second part of the study presented a preliminary attempt to develop a systems thinking study course. Since this is a pilot course, additional studies are needed with diverse sample groups in order to strengthen the claim that this type of course is likely to improve its participants' systems thinking skills.
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